Keratinocyte growth factor/fibroblast growth factor-7 (KGF/ FGF-7) is an established paracrine mediator of hormone-regulated epithelial growth and differentiation. In all organs studied, KGF is uniquely expressed in cells of mesenchymal origin. To determine whether KGF and its receptor, keratinocyte growth factor receptor (KGFR) or fibroblast growth factor receptor2IIIb, were expressed in the porcine uterus as a potential paracrine system mediating progesterone action, we cloned KGF and KGFR partial cDNAs from the porcine endometrium. KGF and KGFR expression was detected in endometrium by Northern blot hybridization. Interestingly, in situ hybridization results demonstrated that KGF was expressed by endometrial epithelia and was particularly abundant between Days 12 and 15 of the estrous cycle and pregnancy. KGF secretion into the lumen of the porcine uterus was also detected on Day 12 of the estrous cycle and pregnancy. KGFR was expressed in both endometrial epithelia and conceptus trophectoderm. These novel findings suggest that KGF may act on the uterine endometrial epithelium in an autocrine manner and on the conceptus trophectoderm in a paracrine manner in the pig, which is the only species possessing a true epitheliochorial type of placentation.
INTRODUCTION
Epithelial-mesenchymal interactions (EMI) play important roles in organ morphogenesis and differentiated function [1] [2] [3] . In the uterus, EMI are crucial for maintaining hormonal responsiveness and conceptus (embryo and associated placental membranes) growth and development [4] . The ovarian hormones, estrogen and progesterone, are primary regulators of mammalian uterine function. Progesterone from the corpus luteum is an essential and universal requirement for establishment and maintenance of pregnancy. At estrus, progesterone receptors (PR) are expressed in all uterine cell types; however, progesterone negatively autoregulates expression of its own receptor, particularly in the endometrial luminal (LE) and glandular epithelium (GE). In all mammals studied, PR expression in LE declines to undetectable levels before implantation [5] [6] [7] . In the pig, PR expression after Day 11 to 12 of the estrous cycle and pregnancy can be detected only in the deeper endometrial GE, stroma, and myometrium [5] . This event coincides with maternal recognition of pregnancy and the initiation of superficial implantation [8] . However, the actions of progesterone on the uterus are required throughout pregnancy in all mammals. Thus, PR in uterine stromal cells appears to mediate effects of progesterone on the endometrial epithelium during pregnancy.
Currently, keratinocyte growth factor (KGF), fibroblast growth factor-10 (FGF-10), and hepatocyte growth factor are the only known growth factors secreted by stromal cells that act on epithelial cells via a paracrine mechanism [9] [10] [11] . KGF is a member of the FGF family with a distinctive pattern of target cell specificity [9, 12] . Unlike other members of this family, KGF is produced by cells of mesenchymal origin of various tissues, including reproductive organs such as the ovary [13] , prostate [14] , and uterus [15] . In these tissues, KGF functions in mesenchymal induction of epithelial growth as a stromal-derived paracrine regulator of epithelial proliferation. In the prostate [14] and uterus [16] , KGF is considered an andromedin and a progestamedin, respectively. A protective role of KGF to block apoptosis and to prevent oxidative damage has also been suggested for alveolar epithelial cells, hepatocytes, and keratinocytes [17] [18] [19] [20] .
The KGFR is an alternative splicing product of the bek gene, which encodes FGF receptor 2 (FGFR2) and KGFR [21] . The difference between KGFR and FGFR2 is in the carboxy-terminal half of the third immunoglobulin domain (Ig III). The KGFR has an Ig IIIb domain, while FGFR2 has an Ig IIIc domain as a result of alternative splicing of the bek gene [21] . These domains are responsible for ligand-binding specificity. KGFR can bind KGF and acidic FGF with high affinity, and basic FGF with low affinity, whereas FGFR2 can bind acidic and basic FGF with high affinity but does not bind KGF [22] [23] [24] . KGFR can also bind FGF-10 with high affinity [25] . The KGFR expression is restricted to epithelial cells in the skin [26] , prostate [14] , and uterus [15] . KGF and KGFR expression in the uterus of several species has been reported, but KGF and KGFR expression and their function(s) have not been determined in porcine uterus. This study tested the hypothesis that KGF of mesenchymal origin mediates EMI through KGFR in epithelial cells in porcine endometrium.
MATERIALS AND METHODS

Animals and Tissue Collection
Sexually mature crossbred female pigs (gilts) were assigned randomly to either cyclic or pregnant status. Fortyeight gilts were hysterectomized on either Days 9, 12, or 15 of the estrous cycle and Days 9, 10, 12, 13, 14, 15, 20, 25, 30, 35, 40, 60 , or 85 of pregnancy (n ϭ 3 gilts per day). Uterine flushings from Days 9, 12, and 15 of the estrous cycle and pregnancy were obtained by introducing and recovering 40 ml sterile saline at hysterectomy. The flushings were clarified by centrifugation (3000 ϫ g for 10 min at 4ЊC), aliquoted, and frozen at Ϫ80ЊC until analyzed. Tissue samples for paraffin sections and RNA extraction were prepared as described previously [6] . All experimental and sur- gical procedures involving animals were approved by the agricultural animal care and use committee of Texas A&M University (Animal Use Protocol 7-127).
KGF and KGFR cDNA Cloning
A porcine KGF cDNA of 690 base pairs (bp) was amplified using the polymerase chain reaction (PCR) with primers to a rat KGF cDNA sequence (GenBank accession no. X56551; forward, 5Ј-AATCTACAATTCACAGATAG-GA; reverse, 5ЈTTAAGTTATT GCCATAGGAAGAAAG-TG) and a reverse-transcribed template from Day 12 pregnant porcine endometrial total RNA and cloned into the pCR II vector (Invitrogen, Carlsbad, CA). A KGFR cDNA of 104 bp was amplified using PCR with primers to a human KGFR cDNA sequence containing KGFR-specific exon K (GenBank accession no. M80637; forward, 5Ј-TCTGTTCAATGTGACCGAGG; reverse, 5Ј-GTTTTGG-CA GGACAGTGAGC) and cloned into the pCR II vector.
RNA Isolation and Analysis
Total cellular RNA was isolated from endometrial tissue samples using Trizol reagent (Gibco-BRL, Grand Island, NY), and polyadenylated mRNA was extracted from endometrial tissues using Poly(A)Pure kit (Ambion, Austin, TX), according to the manufacturer's directions. Northern blot hybridization analyses were performed as described previously [27] to determine the size of KGF and KGFR transcripts using radiolabeled antisense cRNA probes generated against a linearized 690-bp KGF partial cDNA or a 104-bp KGFR partial cDNA. Twenty micrograms of endometrial total cellular RNA for KGF and 1 microgram polyadenylated mRNA for KGFR from cyclic and pregnant gilts were used. Steady-state levels of KGF mRNA were assessed in endometrial total RNA samples through slotblot hybridization analysis as described previously [27] using 20 g of endometrial total RNA and an antisense KGF cRNA probe. The radioactivity in each slot was quantitated using a Packard Instant Imager (Packard, Meriden, CT) and expressed as total counts. The location of KGF and KGFR expression in uterine tissue sections and conceptuses was determined by in situ hybridization analysis as described previously [27] . Deparaffinized, rehydrated, and deproteinated uterine tissues (5-6 m) were hybridized with 35 Sradiolabeled sense and anti-sense cRNA probes for KGF and KGFR. Autoradiography was accomplished using Kodak NTB-2 liquid photographic emulsion (Eastman Kodak, Rochester, NY). Slides were stored at 4ЊC for 1 wk for KGF and 4 wk for KGFR, developed in Kodak D-19 developer, and counterstained with hematoxylin (Fisher Scientific, Fairlawn, NJ). Photomicrographs of brightfield and darkfield images were captured using a Zeiss Axioplan 2 photomicroscope (Carl Zeiss, New York, NY) fitted with a Hamamatsu chilled 3CCD color camera (Hamamatsu, Bridgewater, NJ).
Western Blot Analysis of KGF Protein in Uterine Flushes
KGF was purified from 1 mg total protein from each uterine flushing by incubating with 200 l of heparin-beaded agarose (Sigma, St. Louis, MO) at 4ЊC overnight. Proteins bound to heparin-beaded agarose were denatured in Laemmli buffer and immunoblotted with either goat polyclonal antibodies against human KGF synthetic peptide (Santa Cruz Biotechnology, Santa Cruz, CA) or normal goat IgG (Sigma), followed by rabbit anti-goat IgG conjugated to peroxidase (KPL, Bethesda, MD) and chemiluminescence detection (Amersham Pharmacia Biotech, Piscataway, NJ). To show the specificity of immunostaining, goat anti-hKGF IgG was neutralized with 5-and 10-fold (by weight) excess blocking peptide (Santa Cruz Biotechnology) using uterine flushing from Day 12 of pregnancy for Western blotting.
FIG. 3.
In situ hybridization analysis of KGF and KGFR mRNA in porcine endometrium. KGF was expressed by LE during the estrous cycle and early pregnancy and GE on Days (D) 60 and 85. KGF expression was not detected in trophectoderm (TE) and stroma (ST). In fetal skin, a positive control, KGF was expressed by dermis (Der), but not epidermis (Epi) as expected. The white line at the surface of the epidermis is a result of keratinized cells that nonspecifically reflected light under darkfield microscopy. Representative uterine section from Day 12 of pregnancy, hybridized with radiolabeled sense KGF cRNA probe (Sense) as a negative control, is shown. C, Estrous cycle; P, pregnancy. Original magnification ϫ260.
Statistical Analysis
Slot-blot hybridization data were subjected to least squares ANOVA using the General Linear Models procedures of SAS [28] . The model included day, pregnancy status (cyclic or pregnant), and their interaction as sources of variation. Data were adjusted for differences in sample loading using the 18S rRNA data as a covariate in ANO-VA. Data are presented as least square means with SE.
RESULTS
To determine whether KGF is expressed by porcine uterine endometrium, we cloned a 690-bp partial cDNA (GenBank accession no. AF217463) by reverse transcription-polymerase chain reaction (RT-PCR). This partial KGF cDNA detected a single 2.4-kilobase (kb) mRNA transcript, which is similar to that in the human [12] , in total endometrial RNA from cyclic and pregnant pigs (Fig. 1A) . The KGFR transcript of about 4.5 kb, similar in size to that in the human [29] , was also detected in endometrium by Northern blot hybridization using polyadenylated endometrial mRNA and a 104-bp partial KGFR cDNA cloned by RT-PCR (Fig. 1B) .
Changes in endometrial expression of KGF mRNA during the estrous cycle and pregnancy were determined by slot-blot hybridization analysis (Fig. 2) . KGF expression was undetectable on Day 9 of the estrous cycle, but was present on Day 12 and highest on Day 15. During pregnancy, low levels of KGF mRNA were detected on Day 9, but had increased dramatically by Day 12. Although endometrial mRNA levels were lower thereafter, KGF mRNA expression was detected throughout pregnancy. Steady-state levels of KGF mRNA expression on Day 12 of pregnancy were about 3-fold greater than on Day 12 of the estrous cycle (day ϫ status, P Ͻ 0.05).
In situ hybridization revealed that KGF mRNA was expressed predominantly in epithelial cells (Fig. 3) . Abundant levels of KGF mRNA were detected in LE between Days 12 and 15 of the estrous cycle and pregnancy. KGF mRNA was then low in endometrium between Days 30 and 40 of pregnancy, before increasing in GE on Days 60 and 85 of pregnancy (term: 114 days). Using a partial porcine KGFR cDNA, KGFR mRNA expression was detected in endometrial epithelia, particularly LE (Fig. 4A) . KGFR expression in fetal skin, as a positive control, was detected in epidermis, particularly the basal layer, as expected. Trophectoderm of conceptuses also expressed KGFR, but not KGF (Fig. 4B) .
To test whether KGF protein was secreted into the uterine lumen, KGF was affinity purified from uterine flushings using heparin beads, and KGF protein was detected by Western blot analysis (Fig. 5A ). An immunoreactive KGFlike protein of about 25 kDa, similar in size to human KGF [30] , was detected only in uterine flushings collected on Day 12 of both the estrous cycle and pregnancy. Detection of this KGF band was blocked by pretreatment with KGF blocking peptide (Fig. 5B) . Although KGF mRNA expression was high until Day 15 of the estrous cycle and pregnancy, KGF was detectable only in uterine flushings from Day 12.
DISCUSSION
This is the first report of KGF gene expression in the epithelial component of any epitheliomesenchymal organ or tissue. This pattern of expression of KGF mRNA in porcine endometrial epithelia is novel, since KGF has previously been found exclusively in the mesenchymal component of every epitheliomesenchymal organ [9] . Before this study, we hypothesized that KGF was expressed by stromal cells to mediate progesterone actions on LE during the estrous cycle and pregnancy in porcine uterine endometrium, because KGF was reported to be expressed exclusively by cells of mesenchymal origin and to act only on epithelia that express KGFR [12, 14, 30] . This finding may relate to the unique type of placentation in the pig, which is the only species known to have a true epitheliochorial type of placentation. Since stromal cells of mesenchymal origin lack KGF expression during the estrous cycle and pregnancy, KGF may not be considered a stromal cell-derived progestamedin that affects LE and GE in porcine endometrium. The pregnancy-specific amplification of KGF mRNA during pregnancy recognition may be in response to estrogen and/or interleukin-1␤ (IL-1␤) secreted by the conceptus [31, 32] . IL-1␤ is known to stimulate KGF expression in fibroblasts [33, 34] . In addition to estrogen and IL-1␤, androgens in uterine secretions may increase KGF expression in LE, since concentrations of androgens in the uterine lumen of pigs between Days 9 and 15 of pregnancy are very high and much higher than for nonpregnant gilts [35] . The KGF promoter region is androgen responsive [36] , and androgen receptors are present in endometrial epithelia of primates [37, 38] . Treatment of ovariectomized monkeys with estradiol and testosterone or estradiol and progesterone increased androgen receptors in endometrial epithelial and stromal cells [37] . The increase in KGF expression during the estrous cycle and early pregnancy coincides with the decline and absence of detectable PR in LE [5] [6] [7] . Thus, it is also possible that down-regulation of PR by progesterone up-regulates KGF expression. Detailed mechanisms for regulation of epithelial expression of KGF in pigs remain to be determined.
The in situ hybridization results in porcine endometrium and conceptuses suggest that KGF has the potential to act on the LE in an autocrine manner and on the trophectoderm of conceptuses in a paracrine manner. KGFR on LE may bind FGF-10, which is also a ligand for KGFR [25] . FGF-10 expression has been detected in porcine uterine endometrium by RT-PCR between Days 12 and 15 of pregnancy, but the specific uterine cell types expressing FGF-10 have not been determined (unpublished results). Recent results from our laboratory indicated that both KGF and FGF-10 are expressed in the ovine uterus, but by different cell types, suggesting their independent roles in ovine uterine function [39] .
The secretory activity of porcine endometrium increases rapidly after Day 30 of pregnancy and is maximal between Days 60 and 75 of pregnancy [40] . The increase in KGF expression in GE between Days 60 and 85 of pregnancy suggests that this change may be related to progesterone level, because it is the main regulator of secretory activity during this period. KGF may affect GE secretory function, but mechanisms for the regulation and function of KGF during this period remain to be determined.
An immunoreactive KGF-like protein was detected in uterine flushings by Western blotting, but only on Day 12 of the estrous cycle and pregnancy. This may result from very low levels of KGF secretion after Day 12 of the estrous cycle and pregnancy. Biological activity of KGF secreted into uterine lumen on Day 12 may be regulated by heparan sulfate proteoglycan present on the apical surfaces of the trophectoderm and endometrium [41, 42] . Heparan sulfate proteoglycan appears to maintain the stability and half-life of FGFs, sequester FGFs to regulate receptor binding, and/or present FGFs to their receptors [43] .
Potential functions of KGF in porcine endometrium include regulation of differentiation and/or proliferation of conceptus trophectoderm. For example, transforming growth factor ␣ (TGF-␣) expression is increased by KGF in cultured keratinocytes [44] , and TGF-␣ is important for preimplantation conceptus development in many species [45] [46] [47] . KGF may also induce functional and morphological changes in endometrial epithelial cells by an autocrine mechanism. KGF may regulate extracellular matrix of trophoblast and/or epithelial cells of endometrium, such as syndecan-1 [48] , which is found on the surface of epithelial cells and fibroblasts and contains heparan sulfate and chondroitin sulfate. KGF may also protect uterine epithelial cells and trophectoderm from apoptosis and oxidative stress, as shown for several other epithelial cells [17] [18] [19] [20] 49] . However, the mechanisms of KGF action in the porcine uterus and conceptus remain to be determined.
In summary, our novel findings indicate that KGF is expressed by porcine endometrial LE and GE and may play a crucial role in epithelial-epithelial interactions between conceptus and uterus during early pregnancy, rather than mediating its effects through classical EMI.
